A dorsal fronto-parietal network, including regions in intra-parietal sulcus (IPS) and frontal eye field (FEF), has been hypothesized to control the allocation of spatial attention to environmental stimuli. One putative mechanism of control is the de-synchronization of electroencephalography (EEG) alpha rhythms (~8-12 Hz) in parieto-occipital cortex in anticipation of a visual target. We show that brief interference by transcranial magnetic stimulation (rTMS) with preparatory activity in right IPS or right FEF while subjects attend to a spatial location impairs identification of target stimuli ~2 seconds later. Moreover, the visual deficit relates to the disruption of anticipatory (pre-stimulus) alpha desynchronization and its topography in parieto-occipital cortex. After right IPS stimulation, the degree to which alpha desynchronization is suppressed predicts the speed of visual identification. These results demonstrate the causal role of posterior parietal cortex in the control of visuo-spatial attention exerted through the synchronization of visual neurons.
Introduction
Observers develop expectations about visual scenes that can guide and enhance perception.
For example, we can voluntarily attend to a location in the visual field, and subsequent stimuli at that location will be recognized more accurately and rapidly 1, 2 . Neuroimaging studies have suggested that the influence of attention on perception involves an interaction between 'control' regions in dorsal prefrontal and posterior parietal cortex that generate and maintain goal-driven expectations, which in turn modulate sensory activity in occipital visual regions [3] [4] [5] [6] . More directly, recent studies have shown that electrical or magnetic stimulation of prefrontal or parietal regions can induce signal changes in occipital cortex in the absence of visual stimulation 7 or modulate stimulus-evoked activity in visual areas recorded from single neurons 8, 9 or blood oxygenation level dependent (BOLD) signals 10 .
The neural mechanisms underlying the control of attention on visual representations are still largely unknown. A leading hypothesis is that spatial attention controls visual cortex by synchronization of inputs or modulation of the temporal coherence of ongoing oscillatory activity 11, 12 . A putative marker of the physiological interaction between fronto-parietal regions and occipital visual areas is the modulation of the posterior alpha rhythms at about [8] [9] [10] [11] [12] Hz as recorded with electroencephalography (EEG). In fact, alpha rhythms show high power over parietal and occipital areas in the absence of visual stimulation 13 , which is then reduced in anticipation of visual targets 14 . Moreover, when subjects expects a target at a specific location, the topography of alpha rhythms also becomes spatially selective [15] [16] [17] [18] and predicts trial-by-trial the locus of attention and visual performance 18 . Similar gradients of anticipatory activity have been recorded with BOLDfunctional magnetic resonance imaging (fMRI) in visual occipital, posterior parietal and prefrontal cortices [19] [20] [21] [22] [23] , and they have been also found to be predictive of the locus of attention and stimulus perception 21, 24 .
Here, we test the hypothesis that dorsal prefrontal and parietal regions control spatial attention in visual cortex through the anticipatory de-synchronization (or power modulation) of ongoing alpha rhythms. We predict that disruption of neural activity in prefrontal and parietal cortices while observers attend to a target location will interfere both with visual perception and the anticipatory de-synchronization of alpha rhythms in parieto-occipital cortex. Moreover, if the rTMS-induced disruption of alpha rhythms is behaviourally significant then the degree of disruption should correlate with visual performance. To interfere with neural activity we employed repetititive transcranial magnetic stimulation (rTMS), a method already successfully utilized for studying the role of prefrontal and parietal cortices in target detection and reorienting of attention to sensory stimuli [25] [26] [27] [28] [29] [30] [31] [32] , while we monitored activity in visual cortex by simultaneous recordings of EEG rhythms.
Results

Behavior
Healthy subjects (N=16) performed a visual spatial discrimination task ( Figure 1a ). Each trial began with the presentation of a foveal symbolic cue pointing to one of two target locations in left and right visual field along the horizontal meridian. The cue correctly indicated the target location on 80% of the trials. After a 2 s delay a target shape, either a T or L, was briefly presented either at the cued or uncued location followed by a different meaningless shape (or mask) to render the discrimination more difficult. The subject's task was to identify the target by pressing one of two keys. The foveal cue provided information about the target location but not the response (stimulus selection 33 ).
To test the causal role of the dorsal attention network 4 in anticipatory spatial attention, we applied short bursts of rTMS (150 ms, 20 Hz) time-locked to the onset of the cue in right IPS or right FEF, the core regions of this network. As control conditions, we stimulated either the right precentral gyrus (PrCe), a region near FEF (<10 mm vector distance, figure 1B ) not involved in anticipatory visuo-spatial attention, which is part of the ventral attention network for stimulus-driven re-orienting 4 , or the vertex in Sham, i.e. no rTMS, mode of stimulation (see Supplementary methods). The cortical regions were localized on the scalp with a neuronavigation system in a stereotactical atlas space 34 on the basis of their average location in a recent meta-analysis of fMRI studies of spatial attention 35 ( Figure 1B ). The behavioral interference caused by rTMS was measured on the accuracy and reaction times (RTs) of target identification ~1.5 seconds later ( Figure 1A ). There was no significant difference between right PrCe and Sham stimulation ( Figure 2A , Finally to verify that the behavioral deficits induced by rTMS did not reflect a cumulative effect building up over trials, but that it actually reflected interference with trial-by-trial preparatory processes, we checked whether the deficits differed in the first, second, third, and fourth quartile of each block of trials, and found no difference. Although this null result does not rule out that a cumulative effect occurred, it is more consistent with the notion that rTMS interfered predominantly on the trial in which it was applied.
Overall these findings support the hypothesis that FEF and IPS contain preparatory signals during anticipatory visuo-spatial attention whose disruption significantly alters subsequent visual perception. Interestingly, visual perceptual deficits occurred in both visual fields which may be counterintuitive given spatial cueing was lateralized. However, as later discussed both spatial and non-spatial processes are likely to be prepared during an anticipatory delay, and the latter tend to be more broadly represented in the pattern of cortical activation 3, 4, 24, 37 .
EEG
To assess the physiological impact of rTMS on anticipatory neural activity, we recorded simultaneous EEG activity from the scalp in order to measure the effect of magnetic stimulation in different cortical loci on the desynchronization of alpha rhythms in parietooccipital cortex, a reliable correlate of anticipatory spatial attention modulation [15] [16] [17] [18] .
The EEG signals chosen for the analysis of alpha rhythms (+0. Finally, based on previous evidence 15, 17, 18, 39 , we expected anticipatory alpha ERD to be higher in amplitude over the parieto-occipital areas contralateral to the spatial location of attention.
Consistent with previous work we observed that the anticipatory alpha ERD in high-frequency subband was stronger over the hemisphere contralateral to the side of attention during Sham (F (1,15)=13.60; p<0.003), but also during right PrCe rTMS (F (1,15)=6.37; p<0.03). Therefore, the spatial topography of alpha power was spatially selective in the two control conditions. In contrast, this inter-hemispheric asymmetry was disrupted when rTMS was applied to both right FEF and right IPS ( Figure 5 ), consistent with the hypothesis that these regions contribute to the normal allocation of spatial attention and the asymmetrical decrement of alpha power over parieto-occipital cortex.
Discussion
Visual perception deficits after interference with spatial attention signals in right IPS and FEF
Several previous TMS studies [25] [26] [27] [28] [29] [30] [31] [32] have shown the critical role of posterior parietal and FEF cortices in selective visual processing and reorienting of attention to stimuli presented at unattended locations, but this is the first study to find disruptive effects of rTMS over IPS and FEF during the endogenous allocation of spatial attention in anticipation of a visual target. We applied short burst of rTMS while subjects directed attention to a target location, and found that the magnetic stimulation impaired the speed and accuracy of discrimination for targets presented >1.5
seconds later (Figure 2 ). This result is consistent with the hypothesis that right IPS and right FEF play a causal role in the endogenous allocation of visual attention, and that a normal attentional deployment is necessary for normal perception.
By applying rTMS simultaneously to spatial cueing, we insured that the behavioral deficits reflected interference with endogenous signals for attention rather than secondary modulations of target-evoked responses or response processes. Another recent study applied rTMS to FEF during spatial cueing, but failed to find a significant disruption on target processing 32 . A potential difference between the two studies is the relatively brief cue-target interval (400 msec) employed by Taylor et al.'s, whereas in our study subjects maintained attention at the cued location for 2 seconds. It is possible that a shorter delay allowed for the recruitment of parallel reflexive circuitries (e.g. superior colliculus) to direct covert attention, whereas a longer delay may have enforced the utilization of a stronger endogenous set presumably more dependent on cortical regions.
Target discrimination following right IPS or right FEF stimulation was disrupted in both visual fields. These results can be related to the observation, in neuroimaging studies, that preparatory activity for spatial attention is largely bilateral in prefrontal and parietal cortices (reviewed in 3, 4, 6 ), and that regions containing spatially selective responses are relatively small as compared to much larger regions containing bilateral visual responses 37 . Finally, the selection of a target location involves both spatial and non-spatial processes for featural and temporal selection 24, 40, 41 .
Therefore, we interpret the bilateral perceptual impairment to be related to the disruption of bihemispheric non-spatial preparatory processes in dorsal parietal and frontal cortices. However, there was also evidence of a spatially specific disruption as demonstrated by the breakdown of spatially selective topography of alpha EEG power in occipital cortex after right FEF and right IPS stimulation, as well as the stronger impairment for targets occurring at unexpected locations, which involve a re-orienting of spatial attention to the novel target location.
Finally, the differential effect of rTMS during spatial cueing at different cortical locations is consistent with a division of labor and functional segregation between a dorsal attention network, including right IPS and right FEF specialized in directing spatial attention, and a ventral attention network, including right PrCe, which is not recruited during anticipatory attention, but is activated in conjunction with the dorsal network during target processing and stimulus-driven reorienting 4 . This separation was originally proposed on the basis of fMRI task activation studies, but it has been more recently strengthened by fMRI functional connectivity studies 42 , fMRI studies of stroke patients with spatial neglect 43, 44 , and now inactivation studies with rTMS.
Right IPS controls spatial attention through alpha de-synchronization of occipital cortex
Application of rTMS on prefrontal and parietal cortices during spatial cueing induced not only changes in visual performance for subsequent targets, but also modulated the ongoing pattern of oscillatory neural activity. In fact interference with right IPS during the cue period blocked the normal alpha de-synchronization of occipito-parietal cortex, one of the neural mechanisms through which visual attention modulates visual cortex [15] [16] [17] [18] . The suppression of alpha desynchronization was positively correlated across subjects with the speed of target discrimination, i.e. subjects with lower alpha desynchronization (or paradoxical synchronization) detected visual targets more slowly. Finally, both right IPS and right FEF rTMS disrupted the normal topography of anticipatory alpha desynchronization in occipito-parietal cortex. In fact anticipatory alpha desynchronization is stronger on the hemisphere contralateral to the attended visual field 17, 18 , and the difference of anticipatory activity between attended and unattended hemisphere predicts trial-by-trial locus of attention and speed of response to subsequent visual targets 18 . After rTMS to right IPS and right FEF this asymmetrical hemisphere gradient was disrupted. These findings indicate that alpha desynchronization is one of the mechanisms by which dorsal fronto-parietal regions (IPS, FEF) control, in a top-down manner, visual cortex, and that interference with this mechanism has a negative effect on visual selection.
These findings cannot be explained with artifacts (see Supplemental materials), but rather, they demonstrate that dorsal fronto-parietal regions control the degree (IPS) and topography (IPS, FEF) of alpha desynchronization in parieto-occipital cortex during anticipatory spatial attention, and that interference with this mechanism has a negative effect on perception. These results support more directly the hypothesis that the dorsal attention network controls visual cortex partly through the modulation of ongoing alpha rhythms, consistent with previous correlation studies which demonstrate that the topography of anticipatory alpha desynchronization is modulated by the direction of spatial attention 17, 18 , and that it predicts trial-by-trial the locus of attention and the speed of visual perception of subsequent stimuli 18 .
What is, then, the relationship between ongoing anticipatory alpha rhythms and top-down control of visual attention? It is well known that (i) the power of alpha rhythms is dominant over the parieto-occipital cortex; (ii) alpha rhythms are predominantly generated by cortico-cortical interactions; (iii) are tightly modulated in power by attentional processes 13, 14, 38 ; (iv) are topographically specific [15] [16] [17] [18] ; and, (v) their hemispheric lateralization correlates with the locus of attention, and visual performance 18 .
An important issue is whether the modulation of alpha power reflects modulation of activity in visual cortex. Recent magnetoencephalography (MEG) studies have provided maps of attentionrelated changes of alpha and beta power. Although these changes were distributed over the dorsal visual system the most robust changes occurred in occipital and occipito-parietal cortices 45, 46 , in agreement with much lower resolution EEG power maps (Figure 3) . A recent study showed a link between spontaneous oscillation of alpha power and excitability of occipital cortex to visual stimuli 47 . Interestingly, anticipatory BOLD fMRI changes related to the allocation of spatial attention also
show an asymmetrical distribution in visual cortex, which predicts trial-by-trial the locus of spatial attention and visual performance 24 similarly to what has been reported for anticipatory modulation of alpha power 18 . Finally, several recent fMRI/EEG studies have linked changes of alpha and beta power to spontaneous fluctuation of the BOLD signal in dorsal fronto-parietal and occipital areas recruited during spatial attention 48, 49 . Therefore, there is fairly good evidence that at the largescale level of cortical areas alpha rhythm fluctuations occur both in occipital cortex and frontoparietal regions, and that these fluctuations are modulated by spatial attention.
At the local level, of individual areas or groups of neurons, attention has a powerful effect on synchronization at higher frequencies. Several studies have reported spike-triggered increases in gamma coherence during object selection and spatial attention [50] [51] [52] . Gamma coherence modulations can also occur prior to visual stimulation and be predictive of performance Thut et al.' and the current study in which anticipatory alpha rhythms were found to predict the speed of subsequent visual discrimination. Therefore, these EEG studies, along with similar fMRI work on anticipatory attention signals 24, 54 , challenge the commonly held view of a direct relationship between the quality of sensory representations and perception; rather, they suggest a more complex link between variability at the distinct levels of behavior, ongoing neuronal activity and stimulus-evoked responses.
Conclusions
To our knowledge, this is the first experiment that directly links the control of spatial attention by frontal and parietal cortex with anticipatory alpha rhythms in occipital cortex. This study underscores the importance of ongoing oscillatory neural activity in large-scale cognitive functions 11, 12 , such as spatial attention, which involve a dynamic interaction between cognitive systems specialized in control and sensory areas specialized in data analysis 4 . In the same session of rTMS, EEG data were recorded (BrianAmp; bandpass, 0.05-100Hz, sampling rate, 256 Hz) from 27 EEG electrodes placed according to an augmented 10-20 system (EEG cap resistant to magnetic pulses). The artifact of magnetic stimulation on the EEG activity lasted about 10 ms after the rTMS period (Supplementary figure 3a) . The EEG single trials contaminated by eye movement, blinking, or involuntary motor acts were rejected off-line. To remove the effects of the electric reference, EEG single trials were re-referenced to common average reference. On average, the artifact-free EEG segments for each condition were 92 (± 11) .
Materials and Methods
Full
For the EEG spectral analysis, the frequency bands of interest were low-and high-frequency alpha (Supplementary figure 3b) . The low-frequency alpha was defined as the frequencies from the peak of individual alpha frequency (IAF Klimesch, 1998) to IAF-2 Hz; the high-frequency alpha was defined as the frequencies from IAF to IAF+2 Hz. For both frequency bands, the alpha ERD/ERS (%) was computed as follows:
where E indicates the power density at the "event" period (from 0.5 to 1.5 s after the cue stimulus), and R indicates the power density at the "rest" period (from -1.5 to -0.5 s before the cue stimulus).
For the analysis of both behavioral data and anticipatory alpha ERD/ERS, ANOVAs for repeated measures were used. Mauchley's test evaluated the sphericity assumption of the ANOVA. Green-house-Geisser procedure served for the correction of the degrees of freedom.
Duncan test was used for post-hoc comparisons (alpha, p<0.05). To test the relationship between anticipatory alpha ERD/ERS and behavioral indexes (RT, accuracy), correlation analysis was performed (Pearson test, p<0.05). 
